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Newfoundland and Labrador, CanadaABSTRACT Deuterium NMR spectroscopy was used to study how the positioning of a dimerization motif within a transbilayer
polypeptide influences its orientation and dynamics in bilayers. Three polypeptide variants comprising glycophorin A transmem-
brane (GpATM) dimerization motifs incorporated into lysine-terminated poly-leucine-alanine helices were mixed into 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylcholine multilamellar vesicles. The variants differed in orientation of the motif segment
around the helix axis with respect to the peptide ends. Polypeptides were labeled with methyl-deuterated alanines at positions
that were identically situated relative to the peptide ends (Ala-20 and Ala-22) and at two positions within the motif. An analysis of
quadrupole splittings revealed similar tilts and orientations of the peptide ends for all three variants, suggesting that average
orientations were dominated by interactions at the bilayer surface. For one variant, however, fast orientational fluctuations about
the helix axis were significantly smaller. This may indicate some perturbation of peptide dynamics and conformation by interac-
tions that are sensitive to the motif orientation relative to the peptide ends. For the variant that displayed distinct dynamics, one
orientation consistent with observed splittings corresponded to the motif being situated such that its two glycines were particu-
larly accessible to adjacent peptides.INTRODUCTIONLateral interactions between transmembrane polypeptide
segments are important determinants of structure and func-
tion in many transmembrane proteins (1). For example,
many transmembrane signaling processes depend on lateral
interactions between bilayer-spanning polypeptide domains
(2,3), specific mutations of which are implicated in some
pathologies (4,5). More generally, structures of many trans-
membrane proteins reflect particular interactions between
adjacent transbilayer helices (1,6–8). Accordingly, much
attention has been focused on the properties and interactions
of a-helical bilayer-spanning polypeptides (9–12).
Interactions between transmembrane polypeptide
segments can be facilitated by certain amino acid sequences
or motifs that give rise to complementary topologies on
appropriately oriented helices (1,6–8,13). One example of
a motif that has been implicated in peptide dimerization is
the glycophorin A transmembrane (GpATM) dimerization
motif (LIxxGVxxGVxxT) (1,8,11,14–24). Leucine, isoleu-
cine, and valine residues within the GpATM motif are
thought to form a ridge that packs along a groove formed
by glycine residues on an adjacent helix (18,21,23). Glycine
residues facilitate close packing between adjacent peptides
(6–8,16–19,21). Packing is thought to be enhanced by
hydrogen bonding of threonine with valine and isoleucine
on the adjacent helix (18,21,22).
2H-NMR of deuterated alanine methyl groups has been
used to study orientation, dynamics, and aggregation ofSubmitted August 13, 2010, and accepted for publication December 21,
2010.
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0006-3495/11/02/0656/9 $2.00various synthetic transbilayer polypeptides, including ones
modeled on transmembrane domains of receptor tyrosine
kinases (25–27) and simpler model polypeptides rich in
alanine and leucine residues (28–32). One consistent finding
is that most transbilayer polypeptides tilt with respect to the
bilayer normal and assume a preferred average orientation
about the helix axis (25,28–30). This conclusion is based
on the fact that deuterated alanine methyl groups at different
positions along an a-helical polypeptide display distinct,
nonzero quadrupole splittings even though they are equiva-
lently situated, at close to the magic angle of 54.7, with
respect to the helix axis.
The peptide-peptide interface in GpATM dimers has been
characterized with the use of NMR techniques (18,21–23).
For tilted transbilayer peptide segments, the accessibility
of a motif to adjacent peptides may depend on the helix
orientation, and one question that arises is how motif-medi-
ated interactions might be affected by the orientation and
dynamics of motif-bearing peptide segments. In this work,
we studied the extent to which motif-dependent interactions
within the bilayer interior might compete with peptide-lipid
interactions at the bilayer surface to determine the orienta-
tion and dynamics of a bilayer-spanning polypeptide. To
do this, we compared 2H-NMR spectra and rotational corre-
lation times for three sets of 26-residue synthetic polypep-
tides in which the GpATM motif was inserted at different
locations into poly-leucine-alanine polypeptides with iden-
tically placed lysine residues at either end. Relative to their
positions in the first polypeptide variant, the motif residues
were shifted along the sequence by one and two positions,
respectively, in the second and third variants. This rotateddoi: 10.1016/j.bpj.2010.12.3725
TABLE 1 Amino acid sequences of the peptides used and
their labeled Ala-d3 residues
Peptide Label Sequence
KLAm5-1 Ala-20 NH2-KKLALILAGVLAGVLATALaLALAKK-
CONH2
KLAm5-2 Ala-20, -22 NH2-KKLALILAGVLAGVLATALaLaLAKK-
CONH2
KLAm5-3 Ala-16 NH2-KKLALILAGVLAGVLaTALALALAKK-
CONH2
KLAm5-4 Ala-8, -16 NH2-KKLALILaGVLAGVLaTALALALAKK-
CONH2
KLAm6-1 Ala-20 NH2-KKLALLILAGVLAGVLATLaLALAKK-
CONH2
KLAm6-2 Ala-20, -22 NH2-KKLALLILAGVLAGVLATLaLaLAKK-
CONH2
KLAm6-3 Ala-17 NH2-KKLALLILAGVLAGVLaTLALALAKK-
CONH2
KLAm6-4 Ala-9, -17 NH2-KKLALLILaGVLAGVLaTLALALAKK-
CONH2
KLAm7-1 Ala-20 NH2-KKLALALILAGVLAGVLATaLALAKK-
CONH2
KLAm7-2 Ala-20, -22 NH2-KKLALALILAGVLAGVLATaLaLAKK-
CONH2
KLAm7-3 Ala-18 NH2-KKLALALILAGVLAGVLaTALALAKK-
CONH2
KLAm7-4 Ala-10, -18 NH2-KKLALALILaGVLAGVLaTALALAKK-
CONH2
GpATM motif is underlined in each sequence. Ala-d3 residues are in bold
lowercase. In the KLAmX-4 versions of each peptide, proximal labeled
alanines within the motif region (Ala-16 in KLAm5-4, Ala-17 in
GpATM Motif in Transbilayer Polypeptides 657the motif about the helix axis, relative to the peptide ends,
by 100 and 200, respectively.
Within each set of peptides corresponding to a given
sequence, one version was labeled with a methyl-deuterated
alanine at residue 20, and a second version was labeled with
methyl-deuterated alanines at residues 20 and 22. For a given
peptide sequence, additional versions were labeled with
methyl-deuterated alanines at the 4th and 12th residues
within the motif sequence.
The Ala-20 and Ala-22 labels were identically posi-
tioned with respect to the peptide ends for each variant.
If the orientations and dynamics of these peptides depend
only on interactions at the bilayer surface, the spectra of
the methyl deuterons on Ala-20 and Ala-22 would be ex-
pected to show little dependence on the location of the
GpATM motif about the helix. However, if motif-mediated
peptide-peptide interactions can influence peptide orienta-
tion, dynamics, or conformation in the bilayer, the Ala-
20 and Ala-22 methyl deuteron spectra might be expected
to vary with the position of the motif around the helix,
since accessibility of the motif to adjacent peptides
presumably depends on the orientation of the motif region
within the bilayer. In this study, spectra from additional
peptide versions with methyl-deuterated alanines in the
motif region enabled fuller characterization of the peptide
properties.KLAm6-4, and Ala-18 in KLAm7-4) are 50% deuterated.MATERIALS AND METHODS
The synthetic peptides used in this work were 26-mers with two lysines at
either end flanking a 22-mer hydrophobic segment based on a sequence
of repeating leucine-alanine subunits in which was embedded a segment
(LILAGVLAGVLAT) derived from the GpATM dimerization motif. The
C-terminal ends were terminated by amide groups (-CONH2) and the
N-terminal ends were left as free amines (NH2-). The peptide sequences
are listed in Table 1. Peptide sets in which the GpATM motif starts at
residues 5, 6, or 7 are labeled KLAm5, KLAm6, and KLAm7, respec-
tively. A hyphenated integer distinguishes Ala-d3 labeling schemes. For
a given variant, the KLAmX-1 versions were methyl-deuterated at Ala-
20. The KLAmX-2 versions were equally labeled at Ala-20 and Ala-
22. The KLAmX-3 and KLAmX-4 versions were labeled in the motif
region. KLAm5-3, KLAm6-3, and KLAm7-3 were labeled at Ala-16,
Ala-17, and Ala-18, respectively. The KLAmX-4 versions were labeled
at the same alanines as the corresponding KLAmX-3, as well as at
Ala-8 for KLAm5-4, at Ala-9 for KLAm6-4, and Ala-10 for KLAm7-
4. For convenience, we will refer to Ala-16 on KLAm5-3, Ala-17 on
KLAm6-3, and Ala-18 on KLAm7-3 as proximal-labeled alanines
because of their proximity to the common Ala-20- and Ala-22-labeled
alanines on the KLAmX-2 peptides. Ala-8 on KLAm5-4, Ala-9 on
KLAm6-4, and Ala-10 on KLAm7-4 will be referred to as distal-labeled
alanines. On a given KLAmX-4 variant, distal-labeled alanine methyls
were fully deuterated, whereas the proximal-labeled alanines were
50% deuterated.Peptide synthesis
KLAmX-1 and KLAmX-2 peptides were synthesized, analyzed by mass
spectroscopy to confirm sequences, and purified to>95% via high-pressure
liquid chromatography at the University of Calgary Peptide Services(Calgary, Alberta, Canada). FMOC-L-Alanine-d3 for these peptides was
synthesized and donated by Dr. Chris Grant (University of Western Ontario,
London, Ontario, Canada). KLAmX-3 and KLAmX-4 peptides were simi-
larly prepared at Memorial University of Newfoundland by solid-phase
chemical synthesis. Details of the KLAmX-3 and KLAmX-4 syntheses
are provided in the Supporting Material.Sample preparation
NMR samples were prepared as multilamellar vesicle dispersions contain-
ing 4 mol % peptide in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
choline (POPC). Lipids were purchased from Avanti Polar Lipids
(Alabaster, AL) and used without further purification. Peptide-containing
bilayers were prepared as described previously (27,28). Dry peptide and
appropriate amounts of dry lipid were codissolved in organic solvent (for-
mic acid, acetic acid, chloroform, and trifluoroethanol; 1:1:2:1 by volume)
at room temperature and left to sit for 30 min. The solvent was then
removed by reduced-pressure rotary evaporation at 50–55C, leaving
a thin film that was further dried under vacuum for at least 16 h. Dried
samples were hydrated in deuterium-depleted water (Cambridge Isotope
Laboratories, Andover, MA) and lyophilized for ~3 h. The hydration/lyoph-
ilization cycle was repeated three times. Samples were finally hydrated in
buffer (30 mM HEPES buffer, 20 mM NaCl, and 5 mM EDTA in deute-
rium-depleted water with pH adjusted to 7.1–7.3 by NaOH) and transferred
to NMR sample tubes.
Our intent in this work was to ensure that the peptide concentration was
high enough to allow some peptide-peptide interaction while avoiding
steric interference or jamming that might constrain or correlate reorienta-
tion of otherwise independent helices (28). At 4 mol %, independent poly-
peptides are presumed to reorient freely.Biophysical Journal 100(3) 656–664
FIGURE 1 Peptide geometry. bn is the bilayer normal, bp is the helix axis,bt ¼ ðbn  bpÞ  bp is the reference direction and indicates the direction of tilt,
t is the tilt angle, and r is the angle about the helix axis from the reference
direction to a specified a-carbon. 3jj and 3tspecify the orientation of an
alanine methyl group with respect to the helix axis and the helix radial
direction, respectively. The N-terminal end of the polypeptide is up in
this representation.
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We acquired 2H-NMR spectra and quadrupole echo decay times at 61 MHz
using a locally assembled spectrometer. Spectra and quadrupole echo
decays were obtained with a quadrupole echo sequence (33) with p/2 pulses
of 3–6 ms in duration. Pulses were separated by 35 ms for spectra and 35–
100 ms for echo decays. Free induction decays were collected with a 1 ms
dwell time and oversampling (34) to yield a 16 ms effective dwell time.
Spectra were typically obtained by averaging 600,000 transients with
a repetition time of 0.9 s. Quadrupole echo decays were recorded using
100,000 transients per echo. All spectra were acquired at 45C.
In spherical vesicle samples, deuterated alanine residues give powder-
pattern lineshapes. The doublet splitting DnQ is measured between promi-
nent spectral edges corresponding to material for which the symmetry
axis for motional averaging is perpendicular to the static magnetic field.
For peptide reorientation, the symmetry axis is the bilayer normal. Because
the CbD bond is at qmethyl z 109 with respect to the C
a-CbD3 bond axis
(i.e., the methyl axis), fast rotation about the methyl axis introduces an
additional factor of <3cos2qmethyl-1>/2 z 1/3 into the splitting (35). For
a deuterated alanine methyl group undergoing rapid, axially symmetric
reorientation about the bilayer normal with the methyl axis at an angle q
from that axis, the splitting of the prominent edges in the doublet powder
pattern is thus
DnmethylQ ¼
1
8
e2qQ
h
Si

3cos2q 1; (1)
where e2qQ/h is the nuclear quadrupole coupling constant and Si is an effec-
tive intrinsic order parameter (30,32) that accounts for additional reductions
of splitting due to effects such as fluctuations of the alanine methyl axis
with respect to the peptide frame of reference and distortion of the methyl
group geometry. For this work, Si is assumed to be ~0.88 (23,25,29,32,36).
The brackets in Eq. 1 then indicate a time average over peptide motions,
including fast orientational fluctuations about the helix axis, that modulate
methyl axis orientation with respect to the bilayer normal. The nuclear
quadrupole coupling constant has been estimated to be 165–170 kHz (37)
and is taken here to be 167 kHz.
Measurements of quadrupolar echo decay in conjunction with observed
splittings were used to estimate correlation times for peptide reorientation
about the bilayer normal as described previously (26,28,38).Peptide geometry
The orientation of an alanine methyl axis in a frame attached to the peptide
helix is characterized by 3t, the angle between the helix radial direction
and the projection of the alanine methyl axis onto a plane perpendicular
to the helix axis, and 3jj, the angle between the alanine methyl axis and
the helix axis. The angle qi between a specified alanine methyl axis and
the bilayer normal then satisfies
cosqi ¼ cos3jj cost  sin3jj cosðrþ 3t þ fiÞsint; (2)
where t is the tilt of the helix axis from the bilayer normal and r is the
azimuthal orientation of the a-carbon on a specified residue (here,
Ala-20) about the peptide helix axis with respect to a reference direction
(25,30). The angle r thus defines the orientation of the peptide about its
helix axis. This geometry, with the N-terminal end up, is shown in Fig. 1.
Based on recent refinements of helix structure (32,39,40), 3t and 3jj
are taken to be 53.3 and 58.9, respectively, for the geometry shown
in Fig. 1. The angle fi is the orientation of the i
th residue with respect
to the reference residue and is given as fi ¼ ði 1Þj, where i is the
number of the specified residue along the helix and j ¼ 100 for a typical
a-helix.
The reference direction from which r is measured is the direction ofbt ¼ ðbn  bpÞ  bp, where bp is the helix axis and bn is the bilayer normal.
In effect, this reference direction is a vector that is simultaneously perpen-Biophysical Journal 100(3) 656–664dicular to the helix axis and coplanar with the bilayer normal and the helix
axis, and is equivalent to some previously defined reference directions (30).Data analysis
Previous studies demonstrated that for a given average tilt, t, and peptide
azimuthal orientation, r, the observed quadrupole splitting for a methyl-
deuterated alanine is sensitive to the amplitude of fast fluctuations about
those averages (41,42). Orientational fluctuations about the helix axis can
be characterized by using a Gaussian distribution of r about a mean r0
with a standard deviation sr (32,42). The distribution is then given by
dr0ðrÞ ¼ Neðrr0Þ
2=ð2s2rÞ; (3)
where N ¼ (2psr2)1/2. Fluctuations in tilt can be similarly characterized
by st.
In this study, the extent to which peptide dynamics can be characterized
is constrained by the number of available splittings. Strandberg et al. (32)
and Holt et al. (42) compared parameter fits based on dynamic models of
progressive complexity. Their comparisons suggest that if the available
data justify using only one parameter to characterize orientational fluctua-
tions, varying st while fixing S
i and r is the least satisfactory option.
Although the best fits, under such data-limited conditions, were obtained
by varying Si, the fits obtained by Strandberg and co-workers (32) using
only sr to characterize orientational fluctuations yielded only slightly larger
root mean-squared deviation (RMSD) values. Because we are interested in
how peptide-peptide interactions might affect orientational fluctuations
about the helix axis, we chose to fit by varying sr while fixing S
i. This
approach may slightly affect the absolute orientations, but it is not expected
to qualitatively alter comparisons among the three variants, which is the
focus of this work.
For each peptide variant, we identified probable sets of t, r, and sr via
a multidimensional grid search using MATLAB (The MathWorks, Natick,
MA) for minima in the RMSD between the observed and calculated
splittings:
RMSD ¼
 P
Dncalc  Dnexp
2
m
!1
2
; (4)
GpATM Motif in Transbilayer Polypeptides 659where m is the number of observed splittings used, and the sum is over
observed splittings. Modulation of the quadrupole splitting by fast fluctua-
tions about the helix axis, as characterized by sr, was modeled by using the
distribution given in Eq. 3 to weight contributions from those orientations
sampled as the peptide oscillates about its average orientation. The calcu-
lated splitting for a given point in the grid search was thus given by
Dncalcðt; r; srÞ ¼
Z
Dnðt; r0Þ drðr0Þ dr0: (5)
For each search, sr was varied from 0 to 180
 in steps of 1. For each value
of sr, we calculated the RMSD while varying t from 0 to 90
 in 1 steps,
and r from 0 to 360 in 1 steps. Regions of t, r, sr space in which RMSD
was <~0.9 kHz, and thus consistent with estimated uncertainties in
observed quadrupole splittings, were identified as potential solutions. For
each potential solution, we also directly compared the observed quadrupole
splittings with the calculated quadrupole splittings using a quadrupole wave
representation (29,40). Solutions with t > 45 were discarded as being
unlikely for this class of peptide.FIGURE 2 2H-NMR spectra for (a) KLAm5-1, (b) KLAm6-1, and (c)
KLAm7-1 (all deuterated on the Ala-20 methyl group); (d) KLAm5-2,
(e) KLAm6-2, and (f) KLAm7-2 (all deuterated on the methyl groups of
Ala-20 and Ala-22); (g) KLAm5-3 deuterated on Ala-16; (h) KLAm6-3
deuterated on Ala-17; (i) KLAm7-3 deuterated on Ala-18; (j) KLAm5-4
deuterated on Ala-8 and Ala-16; (k) KLAm6-4 deuterated on Ala-9 and
Ala-17; and (l) KLAm7-4 deuterated on Ala-10 and Ala-18. All spectra
were acquired at 45C.
TABLE 2 Observed quadrupolar splittings
KLAm5 KLAm6 KLAm7
Label Dn (kHz) Label Dn (kHz) Label Dn (kHz)
Ala-22 4.6 Ala-22 8.5 Ala-22 4.3
Ala-20 2.8 Ala-20 4.7 Ala-20 2.8
Ala-16 8.0 Ala-17 7.1 Ala-18 7.6
Ala-8 3.8 Ala-9 3.1 Ala-10 10.6
Uncertainties in observed splitting are50.5 kHz.RESULTS AND DISCUSSION
In this work, the morphologies of peptide-containing POPC
dispersions were routinely monitored via 31P-NMR spectra.
The 31P chemical shift anisotropies for all dispersions were
~40 ppm, which is consistent with multilamellar vesicle
morphology (43).
2H-NMR spectra for all versions of the three peptide vari-
ants at 45C are shown in Fig. 2 (peptide notation is as
described above). Each KLAmX-1 or -2 version of a given
peptide variant was synthesized at least twice and the spectra
of duplicate samples were used to ensure consistency and
facilitate analysis. For a given peptidevariant, Ala-20 spectral
components in the single-labeled KLAmX-1 and double-
labeled KLAmX-2 versions were nearly identical. KLAm5
and KLAm7 both exhibited narrow, poorly resolved Ala-20
features, which nevertheless provided useful limits on split-
tings. Subtraction of the KLAmX-1 spectra from the
KLAmX-2 spectra provided the Ala-22 spectral components
for each peptide variant. Splittings for the motif proximal-
labeled alanines were obtained from the KLAmX-3 spectra,
whereas subtraction of KLAmX-3 spectra from the corre-
sponding KLAmX-4 spectra provided spectral components
for the motif distal-labeled alanines. Fig. S1, Fig. S2,
Fig. S3, and Fig. S4 of the Supporting Material illustrate the
extraction of quadrupole splittings from the observed spectra.
The splittings thus obtained are summarized in Table 2.
The locations of Ala-20 and Ala-22, with respect to the
peptide ends, are the same for all three KLAmX-2
variants. The spectra for KLAm5-2 (Fig. 2 d) and KLAm7-2
(Fig. 2 f) are similar. The KLAm6-2 spectrum (Fig. 2 e)
displays more clearly resolved Ala-20 and Ala-22 doublets
and is notably different, suggesting that KLAm6 differs
from the other two peptides in either average orientation or
dynamics. The locations of the KLAmX-3-labeled alanines
are specific to each variant. Our interpretation of the observed
spectra in terms of peptide orientation and dynamics is dis-
cussed below.Effective correlation times for peptide reorientation about
the bilayer normal were inferred from quadrupole echo
decays for the Ala-20 methyl deuterons on each variant. For
KLAm5-1 and KLAm7-1, the resulting correlations times
were 0.84 5 0.01 ms and 0.9 5 0.1 ms, respectively. For
KLAm6-1, the effective correlation time was 0.55 0.2 ms.
The Ala-20 and Ala-22 labels in the KLAmX-2 peptides
were identically situated with respect to the common end
segments of these peptides. If the average orientation and
dynamics of these peptides were primarily determined by
interactions between lysines at the peptide ends, and charges
at the bilayer surface, the KLAmX-2 spectra presumably
would be similar. The spectra for KLAm5-2 and
KLAm7-2 (Fig. 2, d and f, respectively) are indeed similar,
suggesting that the leucine-alanine regions at the peptide
ends reorient similarly despite the different positioning ofBiophysical Journal 100(3) 656–664
FIGURE 3 Contour plots of the RMSD calculated using methyl deuteron
quadrupole splittings from Ala-22, Ala-20, and the proximal-labeled
alanine on the corresponding KLAmX-3 peptide for KLAm5 at (a) sr ¼
66 and (b) sr ¼ 82; for KLAm6 at (c) sr ¼ 28 and (d) sr ¼ 13; and
for KLAm7 at (e) sr ¼ 103 and (f) sr ¼ 0. Contours are drawn at
RMSD ¼ 0.9 kHz, 1.8 kHz, and 2.7 kHz. The angle r in this figure is the
azimuthal orientation of the reference residue, Ala-20, for all KLAmX
peptide species. Dashed lines indicate the RMSD minimum on each plane.
660 McDonald et al.the motif segment for these variants. The spectrum for
KLAm6-2 (Fig. 2 e), on the other hand, differs from those
of KLAm5-2 and KLAm7-2. This difference may reflect
some perturbation by peptide-peptide interactions facili-
tated by the positioning of the KLAm6 motif segment
with respect to the peptide ends. To examine the possibility
that the observed differences might reflect the relative
accessibility of the dimerization motif to adjacent peptides
in the three cases, we compared the peptide orientations
and dynamic properties as inferred from analysis of the
observed splittings.
It was previously shown that neglecting fluctuations about
the transmembrane peptide helix axis can result in an under-
estimate of tilt (32,41). To characterize the peptide
dynamics as well as the average orientational parameters,
at least three alanine methyl deuteron splittings are required.
Spectra from the KLAmX-3 versions (Fig. 2, g, h, and l)
were used to obtain additional constraints on possible orien-
tational and dynamic parameters for these peptides. The
labeled alanines on KLAmX-3 peptides were identically
situated with respect to the GpATM dimerization motif. In
each KLAmX-3, the proximal alanines (Ala-16 in
KLAm5-3, Ala-17 in KLAm6-3, and Ala-18 in KLAm7-
3) are likely to be part of a contiguous a-helix extending
to Ala-20 and Ala-22. The KLAmX-4 distal-labeled
alanines (Ala-8 in KLAm5-4, Ala-9 in KLAm6-4, and
Ala-10 in KLAm7-4) are separated from the Ala-20/Ala-
22 region of the peptide by the central portion of the
GpATM dimerization motif, which includes two glycines.
Although some evidence suggests that glycine may not
significantly disrupt a-helices within the bilayer interior
(6,19), we did not assume that the helix geometries were
the same on either side of the motif region.
Methyl deuteron splittings for Ala-20, Ala-22, and the
proximal-labeled alanine of the corresponding KLAmX-3
peptide were used to identify possible values of t, r, and
the dynamic parameter, sr, for the portion of each peptide
that was presumed to form a contiguous helix on that side
of the motif segment. Although RMSD minimization using
only three quadrupole splittings does not necessarily iden-
tify a unique set of orientational and dynamic parameters,
it can identify a constrained set of solutions from which
one can select reasonable solutions using additional criteria.
Solutions with tilts < 45 and nonzero sr-values are
presumed to be more likely for lysine-terminated transbi-
layer polypeptides of this length in POPC; therefore, the
discussion below is focused on such solutions.
Fig. 3 shows contour plots of the RMSD calculated using
these three splittings as a function of t and r, at values of sr
for which RMSD is minimized. The bilayer leaflets are
indistinguishable, and degenerate solutions corresponding
to t þ 180 at the same value of r or to r þ 180 at tilt
angles of 360+  t and 180+  t are equivalent. For each
peptide variant, two regions of t, r space are found for
which t < 45 and the RMSD minimum is <0.9 kHz, asBiophysical Journal 100(3) 656–664is required for consistency with estimated uncertainties in
the observed quadrupole splittings. These solutions are
summarized in Table 3. Fig. S5, Fig. S6, and Fig. S7 show
contour plots of RMSD on the r versus t, r versus sr, and
t versus sr planes for each of these solutions.
For KLAm6, there are well-defined RMSD minima for
t ¼ 16, r ¼ 187 at sr ¼ 28 (Fig. 3 c), and for t ¼ 15,
r¼ 324 at sr% 13 (Fig. 3 d). There are also slightly shal-
lower minima at tilts > 60 that are unlikely to correspond
to realistic solutions. For KLAm5, there are also two
minima corresponding to t ¼ 28, r ¼ 174 at sr ¼ 66
(Fig. 3 a), and to t ¼ 29, r ¼ 326 at sr ¼ 82
(Fig. 3 b). For KLAm7, the deepest RMSD minimum corre-
sponds to t ¼ 37, r ¼ 188 at sr ¼ 103 (Fig. 3 e). A shal-
lower minimum (RMSDz 0.6 kHz) is also found at t¼ 7,
r ¼ 161 for sr % 23 (Fig. 3 f). The RMSD at this
minimum is significantly larger than that found for the other
minima, and this solution is considered unlikely.
The contour plots in Fig. 3 show an interesting distinction
between KLAm6 (Fig. 3, c and d) and the other two
TABLE 3 Possible sets of peptide orientational parameters
Peptide variant t () r () sr() RMSD (kHz)
KLAm5 28 174 66 0.04
29 326 82 0.02
KLAm6 16 187 28 0.04
15 324 %13 0.2
KLAm7 37 188 103 0.04
7 161 %23 0.6
Orientational parameters that satisfy thecriteria t<45 andRMSD<0.9kHz
derived from minimization of RMSD for Ala-22, Ala-20, and the proximal-
labeled alanine on the corresponding KLAmX-3 peptide for each variant.
FIGURE 4 A quadrupole wave comparison of observed and calculated
quadrupole splittings as a function of residue orientation about the helix
axis for (a) KLAm5, (b) KLAm6, and (c) KLAm7. In each panel, the
observed quadrupole splittings are denoted by a labeled symbol. For
KLAm5 (a), calculated splittings are shown for t ¼ 28, r ¼ 174, and
sr ¼ 66 (solid line), and for t ¼ 29, r ¼ 326, and sr ¼ 82 (dashed
line). For KLAm6 (b), calculated splittings are shown for t ¼ 16, r ¼
187, and sr ¼ 28 (solid line), and for t ¼ 15, r ¼ 324, and sr ¼ 13
(dashed line). For KLAm7 (c), calculated splittings are shown for t ¼
37, r ¼ 188, and sr ¼ 103 (solid line), and for t ¼ 7, r ¼ 161, and
sr ¼ 0 (dashed line). Splitting error bars (5 0.5 kHz) are similar to the
symbol size.
GpATM Motif in Transbilayer Polypeptides 661peptides. The observed KLAm6 quadrupole splittings
tightly constrain the peptide tilt, and the small sr-values
for which acceptable solutions are found imply that the
amplitude of fast angular fluctuation about the helix axis
is small. For KLAm5 and KLAm7, the RMSD is minimized
at much larger values of sr and the resulting solutions corre-
spond to larger and less constrained values of tilt.
In Fig. 4, quadrupole wave representations (29) are used
to compare the observed quadrupole splittings for the
distal-labeled alanines (Ala-8 in KLAm5-3, Ala-9 in
KLAm6-3, and Ala-10 in KLAm7-3) with values calculated
using the corresponding RMSD-minimizing helix parameter
sets from Table 3. This comparison provides some indica-
tion of the extent to which helix geometry is conserved
across the motif region of each variant. For KLAm5
(Fig. 4 a), the observed splitting for Ala-8 lies much closer
to the corresponding quadrupole wave curve for r ¼ 174
than for r ¼ 326. For KLAm7 (Fig. 4 c), the observed
quadrupole splitting for Ala-10 departs significantly from
the corresponding quadrupole wave curve for both solu-
tions. The observed quadrupole splitting for Ala-9 of
KLAm6-3 (Fig. 4 b) also departs significantly from the cor-
responding quadrupole wave curves for the parameter sets
corresponding to both possibilities for the peptide orienta-
tion r. Failure to predict the splitting for a labeled alanine
on one side of the motif region using parameters derived
from labels on the other side of the motif may reflect
some distortion of the KLAm6 and KLAm7 peptides
through the motif region.
Despite the small number of available splittings, solutions
for r tend to fall into one or two narrow ranges for each
variant. This is not surprising, given that r can be related
to the position about the helix at which alanine splittings
pass through zero (30). As can be seen from the quadrupole
wave representations, these positions can be defined using
a limited data set. The accuracy of the average tilt determi-
nation is more sensitive to the extent to which dynamics can
be modeled, and thus to the number of available splittings
(30). For KLAm6, sr is small and average tilt is well
constrained. The average tilts found for KLAm5 and
KLAm7 are larger, but the difference between them may
in part reflect the lack of sufficient data to more fully incor-
porate both tilt and rotational dynamics into their analysis.Nevertheless, indications that the tilts of KLAm5 and
KLAm7 are likely larger than that of KLAm6, together
with the tighter constraints on possible values of r for
each variant, do enable some interesting comparisons.
Fig. 5 illustrates the average peptide orientations based on
the parameter sets corresponding to 170< r< 190 for each
peptide variant plus the r¼ 324 solution for KLAm6. It can
be seen that corresponding lysines at the peptide ends are
positioned similarly with respect to the bilayer surface for
the KLAm5 orientation (Fig. 5 a), the KLAm7 orientation
(Fig. 5 d), and the KLAm6 orientation corresponding to
r¼ 187 (Fig. 5 c). For the tilted peptides, these orientations
tend to place the lysines closer to the bilayer surface than
Leu-3 and Ala-24. In contrast, for the r ¼ 324 orientation
of KLAm6 (Fig. 5 b) and the similar r ¼ 326 orientation
of KLAm5 (not shown), the lysines and adjacent hydro-
phobic residues near the tilted peptide ends may not be as
favorably placed with respect to the bilayer surface.Biophysical Journal 100(3) 656–664
FIGURE 5 Peptide geometries for (a) KLAm5 at t ¼ 28, r ¼ 174; (b)
KLAm6 at t ¼ 15, r ¼ 324; (c) KLAm6 at t ¼ 16, r ¼ 187; and (d)
KLAm7 at t ¼ 37, r ¼ 188. Views shown are along the axis mutually
perpendicular to both the bilayer normal and the helix axis (left), and along
the helix axis (right). Solid points denote residues identified as being part of
the motif. Fast fluctuations about the helix axis are characterized by sr,
which is illustrated by labeled arcs.
Biophysical Journal 100(3) 656–664
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approximated by the parameter sets with 170< r < 190,
the similarity of the peptide end orientations for the three
variants (Fig. 5, a, c, and d) suggests that these peptides
tend to adopt average orientations that optimize electrostatic
interactions at the bilayer surface regardless of interactions
within the bilayer hydrophobic region between adjacent
motif segments or between the peptide and lipid chains in
the bilayer interior.
The three peptide variants also display similar correlation
times for reorientation about the bilayer normal. These are
comparable to times previously observed for other synthetic
transbilayer polypeptides (26,28), suggesting that reorienta-
tion about the bilayer normal is not very sensitive to the
positioning of the GpATM dimerization motif along the
peptide.
Despite the similarities discussed above, there are some
interesting distinctions between KLAm6 and the other two
peptide variants. Regardless of whether the KLAm6 average
orientation is better approximated by the r ¼ 187 or the
r ¼ 324 parameter sets, the small values of sr compared
with those for the most likely KLAm5 and KLAm7 solu-
tions suggest some additional constraint on the fast orienta-
tional fluctuations of KLAm6 about its helix axis. This may
reflect a dependence of motif-mediated peptide-peptide
interactions on the orientation of the motif region with
respect to the bilayer normal and the helix axis.
Examination of the peptide geometries illustrated in
Fig. 5 suggests another interesting distinction between the
r ¼ 187 orientation of KLAm6 (Fig. 5 c) and the orienta-
tions of the other two peptide variants. For the r ¼ 187
orientation of KLAm6, the two glycines of the motif region
are located on a surface of the peptide that is effectively
tangent to the bilayer normal and thus is expected to be
accessible for interaction with adjacent peptides. It is also
interesting that, for this orientation, the two glycines fall
on a line that is roughly parallel to the bilayer normal. Cor-
responding glycines on an adjacent, similarly oriented
peptide, would thus be well positioned to allow close
contact between the peptides. Close contact between
glycines on interacting peptide segments is indeed a defining
feature of models for GpATM dimerization (16,18,21). The
crossing angle for such dimers is reported to have a magni-
tude of ~30 (21,24) corresponding to a peptide monomer
tilt of ~15, assuming that the dimer axis is parallel to the
bilayer normal. Such a tilt is more consistent with the
most likely KLAm6 orientation than those of the other
peptides.
The three peptide variants display different average motif
orientations relative to the tilt directions, suggesting that
they are not incorporated into the bilayers as stable dimers,
and that the peptide-peptide associations between them, if
any, result from encounters between peptides diffusing in
the bilayer. The observations described here suggest that
the motif orientation about the helix axis may affect
GpATM Motif in Transbilayer Polypeptides 663peptide-peptide interactions, but they do not directly
demonstrate stable dimerization of a particular variant or
even which of the variants is most susceptible to dimeriza-
tion. Distinctions between the properties of KLAm6 and
those of the other two variants are, however, suggestive of
some differences in peptide-peptide interactions. If the
KLAm6 observations do reflect stronger motif-mediated
peptide-peptide interactions, the question remains as to
whether any such interactions are transient or persistent.
The GpATM segment is presumed to form stable dimers
(18,21). The three peptide variants display similar correla-
tion times for reorientation about the bilayer normal,
but a stable dimer might also reorient rapidly about the
bilayer normal. Ultimately, a system of peptides that are
distinguished by their propensity to dimerize but also have
monomer orientations more distinct from those within
a dimer might offer investigators a better opportunity to
characterize the dynamics of a clearly identifiable trans-
membrane dimer.CONCLUSIONS
In this work, three synthetic polypeptides were prepared
with segments derived from the GpATM dimerization motif
inserted at different positions along the sequence. Quadru-
pole splittings from labeled alanine deuterons were used
to infer average orientations and information about orienta-
tional fluctuations for each peptide variant. Although the
most likely solutions for each variant suggest that the
peptide ends are similarly positioned with respect to the
bilayer surface, one peptide displays spectra that differ qual-
itatively from those of similarly positioned labels on the
other two peptides and, compared with the others, a smaller
amplitude of fast orientational fluctuation about the helix
axis. These differences suggest that for particular orienta-
tions of the motif-derived segment, interactions within the
bilayer interior may perturb the peptide dynamics and
geometry. For the lysine-terminated peptides studied here,
these observations also suggest that if the motif is not opti-
mally oriented, transient contacts between motif-based
segments on adjacent peptides, facilitated by orientational
fluctuations, may not be sufficient to overcome the effects
of interactions at the bilayer surface. They also provide
some insight into how motif-mediated perturbation of
peptide-peptide interaction might be modulated by changes
in polypeptide geometry or orientation. Such insights may
be relevant to the reversible dimerization implied in models
of transmembrane signaling, where motif-mediated trans-
membrane peptide interactions are thought to be influenced
by ligand binding outside of the bilayer interior. This work
also suggests how comparisons between transbilayer
peptide systems with controlled differences can address
specific questions even when constraints on label placement
might preclude a full and unambiguous characterization of
individual peptides.SUPPORTING MATERIAL
Synthesis of the KLAmX-3 and KLAmX-4 polypeptides, extraction
of quadrupole splittings from spectra of alanine-deuterated transbilayer
polypeptides containing GpATM dimerization motifs, identification of
possible peptide orientation and dynamic parameter sets, seven figures,
and references are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(11)00002-6.
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